FeO2H
9,10 , and (Al,Fe)O2H 11 suggest the presence of a significant amount of hydrogen in the DLM. The present study further reveals that the hydrogen under the DLM pressure-temperature (P-T) conditions is present in the superionic state that has entirely different properties from the ordinary O-H bonding, and has profound impacts on geophysical and geochemical behavior of Earth.
In the superionic state the hydrogen ion is no longer bonded to an oxygen ion, and it moves freely within the crystal lattice, leading to greatly improved ionic and electronic transport properties and effortless removal of hydrogen. Superionic hydrogen was proposed and observed in H2O ice [1] [2] [3] . However, hydrogen will not be present in the DLM in the form of free H2O, and instead it will exist as new ultradense hydrous phases.
Here we investigate two archetypal phases, pyrite FeO2H and δ-AlOOH, and discover superionic hydrogen to be a common behavior of hydrogen-bearing compounds, thus opening a new paradigm in DLM.
Fe-O binary compounds have previously been investigated using crystal structure searches combined with first-principles calculations, and the cubic FeO2 structure has been identified as a stable phase 18, 19 . We have performed crystal structure searches using the Ab Initio Random Structure Searching (AIRSS) method to study ternary materials consisting of Fe, O, and H at 100 GPa. The results of searches over 495 possible compositions are shown in Extended Data Fig. 1 , and in total we have relaxed ~53,000 structures to minima in the energy landscape. In Fig. 1 we display a schematic summary of stable compounds at 100 GPa shown as red circles. Including previously known compounds, we also found pyrite-structured cubic py-FeO2 and py-FeO2H, which are consistent with experimental observations 9, 10, 19, 20 .
Furthermore, along the FeO2 and FeO2H convex hull line, we found that FeO2Hx can be stabilized as either a ground state (FeO2H0.75) or a meta-stable state (FeO2H0.5 and GPa and 2500-2750~K at pressures above 100~GPa (green region). This superionic region covers part of the geotherm curve in the lower mantle 26 . On the other hand, the superionic temperature range of py-FeO2H0.5 is much wider, being from 1750 to 2500~K. The relatively low solid-superionic phase transition temperatures of pyFeO2H0.5 arise from the existence of hydrogen vacancies, which provide more sites for proton migration. As the hydrogen concentration in py-FeO2Hx is normally around 50-70%, py-FeO2Hx can become superionic at lower mantle conditions. δ-AlOOH transforms to its superionic state at the temperatures above 2750~K. This transition temperature is above the geotherm of the lower mantle. However, the temperature increases rapidly to over 3000~K at the CMB and hydrogen in δ-AlOOH can also be superionic under these conditions. We did not observed the melting of the δ-AlOOH lattice at the pressure and temperature ranges of our simulations.
In order to calculate diffusion coefficients and ionic conductivity of py-FeO2Hx (x=1 During the formation of py-FeO2Hx, certain amount of hydrogen vacancies are generated in the lattice 10, 31 . These vacancies provide diffusion sites for protons and lead to the superionic state of py-FeO2Hx at the conditions of the lower mantle and the CMB (Fig. 3 ). δ-AlOOH with a wide stable pressure and temperature range can be brought 
Methods

Ab Initio Random Structure Searching (AIRSS)
Density functional theory (DFT) calculations were performed using the generalized gradient approximation (GGA) functionals, in particular the Perdew-Burke-Ernzerhof (PBE) exchange-coorelation functional 34 . Crystal structure searching was conducted using Ab Initio Random Structure Searching (AIRSS, version 0.91) 35, 36 combined with planewave-based DFT softwareusing the CASTEP code 37 . A plane-wave basis set cutoff energy of 280 eV and k-point sampling of 0.06 Å -1 were used.
Structure relaxation and molecular dynamics simulations
DFT calculations for the structure relaxation and molecular dynamics simulations were performed using the projector augmented wave (PAW) method 38 as implemented in the Vienna Ab Inito Simulaton Package (VASP) packagewave representation for the wave function with a cutoff energy of 800 eV was adopted.
Geometry optimizations were performed using conjugate gradients minimization until all of the forces acting on the ions were less than 0.01 eV/Å per atom. K-point mesh with a spacing of ca. 0.03 Å -1 was adopted. Considering the strongly correlated nature of the Fe 3d electrons a Hubbard-type U correction was used 40, 41 . In accord with previous work, the effective U value was set to 5 eV 42 . H vacancies in py-FeO2Hx (x = 0.75, 0.5 and 0.25) were generated by removing H atoms from a large supercell of pyFeO2H comprising 2 × 2 × 2 conventional unit cells, as shown in the Extended Data Fig. 8 .
Calculations of the equation of state (EOS)
Structural relaxations were performed at various constant volumes and the calculated energy-volume data at zero Kelvin was fitted to a third-order Birch-Murnaghan equation of state (EOS):
where E0 denotes the intrinsic energy at zero pressure, V0 is the volume at zero pressure, B0 is the bulk modulus, and B0' is the first pressure derivative of the bulk modulus. The fitted parameters at zero Kelvin are shown in Extended Data Table 1 . The relationship between the pressure and volume at zero Kelvin can be expressed as: 
Ab initio molecular dynamics (AIMD) calculations of proton diffusion
To calculate the H + diffusion coefficient we performed AIMD simulations [1] [2] [3] [46] [47] [48] [49] [50] 12 ). The experiments show that py-FeO2Hx is stable even at 3100-3300~K and pressures of 126 GPa 43 . This discrepancy is within the range expected from data for pure iron 51 and iron oxides 52 . We note here that a sophisticated theory employed to calculate melting temperatures might improve the estimation 51, 53 . For δ-AlOOH, it
shows the anisotropic proton diffusion with a higher proton MSD along the [001] direction as shown in Extended Data Fig. 13 . This is due to the channel-like structure 
